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HIGHLIGHTS 


•  LNO  was  infiltrated  to  LSCF  as  SOFC  cathode. 

•  Peak  power  density  of  SOFC  with  LSCF  cathode  increased  by  67%  via  LNO  infiltration. 

•  The  infiltrated  cathode  shows  similar  stability  as  the  LSCF  baseline. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  22  April  2014 
Received  in  revised  form 
9  June  2014 
Accepted  24  June  2014 
Available  online  10  July  2014 


Keywords: 

Solid  oxide  fuel  cell 
LSCF  cathode 
LNO 

Infiltration 
ORR  kinetics 


In  this  paper,  we  reported  our  effort  on  improving  electrochemical  performance  of 
(Lao.6Sro.4)o.995Coo.2Feo.803_5  (LSCF)  cathode  in  solid  oxide  fuel  cell  (SOFC)  by  infiltration  of  La2Ni04+(5 
(LNO).  It  is  found  that  a  porous  LSCF  backbone  coated  with  LNO  nanoparticles  is  an  attractive  way  to 
acquire  a  noticeable  decrease  in  the  polarization  resistance  and  activation  energy  of  LSCF  cathode, 
thereby  showing  high  surface  activity  and  enhanced  oxygen  transport  capability.  The  key  contributions 
of  the  LNO  nanoparticles  also  lead  to  a  67%  increase  in  peak  power  density  and  operation  stability  at  a 
constant  current  density  of  250  mA  cnrr2  with  a  low  degradation  rate  of  0.39%  for  about  500  h  at  750  °C. 
Although  extended  durability  of  LNO-infiltrated  LSCF  might  be  concerned,  based  on  coarsening  of  the 
LNO  nanoparticles,  a  greatly  increased  power  density  and  voltage  output  after  a  cell  operation  of  500  h 
engenders  substantial  confidence  in  the  beneficial  effect  of  LNO-infiltrated  LSCF  materials  on  cell 
properties.  The  enhancement  of  ORR  kinetics  could  be  ascribed  to  the  increase  of  active  surface  area  and 
active  reaction  regions  from  the  heterostructured  LSCF/LNO  interface  architecture,  and/or  favorable 
cation  diffusion  from  LSCF  to  LNO. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Although  a  great  deal  of  research  has  been  conducting  to 
develop  new  cathode  materials  [1—4],  for  operation  at  lower 
temperatures  (500-750  °C),  Lai_xSrxCoi_yFey03_<5  (LSCF)  based 
cathodes  are  by  far  the  most  popularly  used  for  solid  oxide  fuel 
cells  (SOFCs)  today.  The  iron  and  cobalt-containing  LSCF  perovskite 
materials  have  high  ionic  and  electronic  conductivity  (about 
1  x  1CT2  and  102  S  cm-1  at  800  °C  [5]),  respectively,  leading  to  the 
extension  of  the  electrochemically  active  region  to  a  finite  width 
from  the  electrode/electrolyte  interface.  However,  the  main  chal¬ 
lenges  associated  with  long-term  application  of  LSCF  based 
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cathodes  are  material  instability  such  as  Sr  segregation  and 
surface-limiting  oxygen  reduction  reaction  (ORR)  process  [6-8]. 
Based  on  a  large  characteristic  length  Ic  value,  e.g.  Ic  ~  0.5  mm  in 
our  previous  study  9],  the  oxygen  transport  in  LSCF  cathode  is 
obviously  shown  to  be  surface-limited  for  oxygen  exchange  at  the 
gas-cathode  interface.  Moreover,  the  Sr  segregation  in  LSCF 
cathode  changes  the  composition  stoichiometry  and  forms  inactive 
surface  species  (e.g.  SrO),  which  has  been  considered  as  a  key  issue 
towards  inferior  catalytic  activity  for  surface  ORR  kinetics  [7]. 
Hence,  the  surface  exchange  capability  of  LSCF  based  cathodes 
would  be  further  inhibited,  giving  rise  to  polarization  loss  and  cell 
degradation. 

To  alleviate  the  problems  of  LSCF  based  cathodes,  high  oxygen 
ion  conducting  phases  like  Gd  doped  ceria  (GDC)  or  noble  catalysts 
like  Pd  have  been  introduced  into  LSCF  cathodes.  In  particular, 
infiltration  has  been  widely  used  to  fabricate  the  LSCF  based 
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composite  materials.  Through  the  beneficial  effect  of  nano-scale 
infiltrated  particles,  the  electrocatalytic  properties  and  ORR 
behavior  of  LSCF  based  cathodes  can  be  improved.  For  example, 
Chen  et  al.  10]  indicated  that  GDC  infiltration  reduced  the  polari¬ 
zation  resistance  of  LSCF  cathode  to  0.06  Q  cm2  compared  with 
0.22  Q  cm2  for  pure  LSCF  cathode  at  750  °C,  Liu  et  al.  [11] 
demonstrated  that  the  polarization  resistance  for  SDC-infiltrated 
LSCF  cathode  was  lowered  to  half  of  that  for  LSCF  cathodes 
without  infiltration  of  SDC.  Kilner  et  al.  [12  reported  that  the 
electrocatalytic  performance  of  an  LSCF  cathode  can  be  enhanced 
by  the  infiltration  of  Pd  nanoparticles  in  the  temperature  range  of 
400-750  °C. 

In  this  paper,  we  developed  a  new  LSCF  based  composite  ma¬ 
terials  prepared  by  infiltration,  namely  La2Ni04+<5  (LNO)-infiltrated 
LSCF.  The  special  interest  associated  with  the  employment  of  LNO 
materials  mainly  lies  in  the  sequent  three  points:  1)  Rapid  bulk 
oxygen  diffusion  and  surface  oxygen  exchange  can  be  offered  in 
the  LNO  nickelates  based  on  their  additional  conduction  pathway 
in  high  concentration  of  oxygen  interstitials.  Skinner  et  al.  [13,14] 
have  confirmed  that  LNO-based  materials  show  a  higher  bulk  ox¬ 
ygen  diffusion  coefficient  D  of  about  5  x  10-8  cm2  s^1  than  that  of 
LSCF  materials  by  one  order  of  magnitude,  and  a  slightly  higher 
surface  oxygen  exchange  coefficient  k  of  about  2-5  x  10-7  cm  s-1 
at  700-750  °C.  2)  LNO  as  a  Sr  acceptor  seems  extremely  promising 
to  improve  cathode  stability  and  electrocatalytic  properties 
without  invoking  deleterious  LSCF  surface  reactions  related  to  the 
formation  of  inactive  Sr  species.  Reports  [13,15,16]  have  shown 
there  is  an  obvious  increase  in  the  electronic  conductivity  and 
oxygen  transfer  capability  of  Sr-containing  LNO  in  comparison  to 
LNO  itself.  Unlike  previous  researches  [17-20]  attempting  to 
physically  suppress  Sr-enrichment  on  the  surface  of  LSCF  by  the 
application  of  surface  thin  films,  a  chemical  driving  force  in  the 
LNO/LSCF  combination  is  expected  for  diffusion  of  Sr  from  LSCF 
into  LNO  to  benefit  surface  oxygen  exchange  and  material  stability 
of  the  composite  cathode.  3)  A  heterostructured  interface  would 
potentially  extend  the  active  regions  of  two  phase  boundary  (2PB, 
LSCF/LNO)  and  triple  phase  boundary  (TPB,  LSCF/LNO/gas)  with 
high  oxygen  transfer  capability,  leading  to  total  ORR  kinetic 
enhancement  of  the  SOFC  cathode.  Efforts  in  the  development  of 
(La,Sr)Co03_<5/(La,Sr)2Co04+<5  (LSC113/LSC214)  heterostructured 
architecture  via  pulsed  laser  deposition  (PLD)  have  been  made  by 
Crumlin  et  al.  [21,22].  It  was  found  that  interfacial  regions  are 
responsible  for  enhanced  ORR  kinetics  of  ~3  orders  of  magnitude 
for  the  entire  electrode  with  surface  decorations  of  LSC214  relative 
to  bulk  LSC  113.  For  these  reasons,  the  main  aim  of  this  study  is  to 
examine  the  influence  of  LNO  infiltrated  into  porous  LSCF  cathode, 
from  both  a  scientific  and  technological  point  of  view,  on  ORR 
behavior  and  long-term  stability  of  the  LNO-infiltrated  LSCF 
cathodes. 

2.  Experimental  process 

The  effect  of  LNO  infiltration  on  the  electrochemical  properties 
of  LSCF  cathodes  was  first  investigated  by  the  use  of  electro¬ 
chemical  impedance  characterizations  of  symmetric  cells.  A  sym¬ 
metric  cell  configuration  of  LSCF|GDC|YSZ|GDC|LSCF  was 
assembled  starting  with  the  preparation  of  8%  Y203-stabilized  Zr02 
(YSZ,  TZ8Y,  Tosoh,  Japan)  electrolyte  supports.  A  tape  casting 
technique  followed  by  sintering  at  1450  °C  for  5  h  was  used  to  form 
dense  YSZ  electrolyte  pellets  with  a  thickness  of  about  300  pm. 
Then,  identical  GDC  buffer  layers  were  screen  printed  symmetri¬ 
cally  on  both  sides  of  the  YSZ  electrolyte  and  then  sintered  at 
1200  °C,  in  order  to  avoid  interaction  between  YSZ  electrolyte  and 
LSCF  cathode.  A-site  deficient  (Lao.6Sr0.4)o.995Coo.2Fe0.803_5  (LSCF) 
powder,  which  was  received  from  Fuel  Cell  Material  Co.  in  US.,  was 


dispersed  into  an  organic  vehicle  ink  (VHE,  Fuel  Cell  Material  Co.  in 
US.)  to  form  a  slurry.  By  a  subsequent  screen  printing  process, 
porous  LSCF  layers  with  a  thickness  of  10-20  pm  were  applied  onto 
the  GDC  buffer  layers.  Eventually,  the  bonded  layers  were  co-fired 
at  1150  °C  for  3  h  to  obtain  a  symmetric  cell  with  an  active  sur¬ 
face  area  of  about  0.7  cm2.  For  comparison  and  performance  eval¬ 
uation,  LNO  was  infiltrated  into  both  sides  of  the  LSCF  layers  in  the 
LSCF|GDC|YSZ|GDC|LSCF  cell,  as  described  below,  to  form  a  sym¬ 
metric  cell  using  LNO  infiltrated  LSCF  cathode. 

The  LNO  precursor  solution  with  a  concentration  of  1  mol  L-1 
was  composed  of  La(N03)3  -6H20  and  Ni(N03)2-6H20  (99.9%,  Alfa 
Aesar)  dissolved  in  mixture  of  ethanol  and  deionized  water  with  a 
ratio  of  1 :0.6.  We  confirmed  that  an  appropriate  amount  of  ethanol 
can  promote  the  formation  of  LNO  phase  and  improve  its  distri¬ 
bution  status  on  the  LSCF  substrate.  The  infiltration  solution  was 
then  dropped  slowly  into  both  sides  of  the  porous  LSCF  substrate 
using  milliliter  syringe.  Each  infiltration  step  was  followed  by  pre¬ 
sintering  to  250  °C  in  air  to  dry  the  samples.  Repeated  infiltration 
followed  by  the  drying  process  was  carried  out  to  increase  the 
amount  of  LNO  phase  in  the  modified  cathode.  After  5  times 
repeating,  the  cells  were  sintered  at  900  °C  for  1  h  to  allow  the 
formation  of  LNO  single  phase  with  15.9  wt%  loading  on  the  LSCF 
backbone. 

Prior  to  electrochemical  characterization,  Pt  meshes  were 
attached  as  current  collectors  to  both  electrode  sides  of  the  sym¬ 
metric  cells  by  using  Pt  paste.  The  electrochemical  impedance 
spectroscopy  (EIS)  measurements  for  the  symmetrical  cells  were 
carried  out  by  a  Metrohm  Autolab  test  station  (AUT85484)  in 
ambient  air  under  open  circuit  voltage  (OCV).  The  frequency  range 
was  0.1-100  kHz  at  an  amplitude  of  alternating  circuit  (AC)  signal 
of  10  mV,  and  the  measured  temperature  was  controlled  from  550 
to  750  °C.  A  stabilization  time  of  30  min  was  utilized  before  the 
collection  of  the  impedance  data. 

For  comparison,  anode-supported  fuel  cells  using  LSCF  or  LNO 
infiltrated  LSCF  cathodes  were  prepared  and  measured  to  form 
NiO-YSZ|YSZ|GDC|LSCF  and  NiO-YSZ|YSZ|GDC| LNO-infiltrated  LSCF. 
Anode-supported  half  fuel  cells  Ni-YSZ/YSZ  were  commercially 
available  (MSRI,  Salt  Lake  City,  UT),  consisting  of  about  10  pm-thick 
YSZ  electrolyte  and  750  pm-thick  Ni-YSZ  anode.  The  GDC  buffer 
layer  and  bare/modified  LSCF  cathodes  were  sequentially  applied  to 
the  YSZ  electrolyte  using  the  same  procedures  for  the  fabrication  of 
symmetric  cells  as  mentioned  above.  The  whole  cells  were  then 
sealed  using  mica  materials,  attached  by  using  Pt  meshes  with  Pt 
paste  for  cathode  and  Ni  paste  for  anode,  and  fixed  in  a  conven¬ 
tional  single  cell  test  stand  (installed  at  NETL,  Morgantown, WV 
site). 

The  on  cell  measurements  were  eventually  performed  at  750  °C 
with  dry  hydrogen  as  the  fuel  for  anode  and  ambient  air  as  the 
oxidant  for  cathode  with  each  at  a  flow  rate  of  400  seem.  A  con¬ 
stant  current  density  of  250  mA  cm-2  was  applied  to  the  fuel  cells 
using  a  DC  electronic  load  to  monitor  the  long-term  stability  of 
SOFC  cathodes.  In  addition  to  the  continuous  observations  of  the 
changes  in  cell  voltage,  the  intermittent  current-voltage  curves 
were  also  carried  out  by  using  a  Solartron  1287  electrochemical 
interface  combined  with  a  Solartron  1260  frequency  response 
analyzer.  A  Panalytical  X'pert  Pro  X-ray  diffractometer  (XRD)  with 
Cu  Ka  radiation  (A  =  1.5406  A)  was  used  to  identify  phase 
composition  and  crystalline  structure.  The  surface  morphology 
analyses  for  both  LSCF  and  LNO  infiltrated  LSCF  materials  were 
performed  using  a  field  emission  scanning  electronic  microscope 
(FESEM,  JEOL  7600F)  at  an  acceleration  voltage  of  20  kV.  Trans¬ 
mission  electron  microscopy  (TEM)  observations  and  elemental 
identifications  were  also  carried  out  on  a  JEOL  JEM-2100  LaB6 
microscope  equipped  with  an  energy  dispersion  spectrometry 
(EDAX,  Evex  NanoAnalysis). 
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2-Theta  (degree) 

Fig.  1.  XRD  patterns  of  (a)  bare  LSCF  cathode  and  (b)  LNO-infiltrated  LSCF  on  GDC/YSZ 
electrolyte. 


3.  Results  and  discussion 

3.1.  Characterization  analysis 

Fig.  1  displays  the  XRD  patterns  of  LSCF  pellets  with  and  without 
LNO  infiltration.  All  of  the  reflections  in  the  diffractogram  of  the  bare 
LSCF  sample  on  the  electrolyte  can  be  labeled  in  terms  of  LSCF,  GDC 
and  YSZ  phases.  The  appearance  of  a  single  Ruddlesden-Popper  (RP) 
phase  for  LNO  infiltrated  LSCF  sample  confirms  the  existence  of  LNO 


in  the  LSCF  backbone.  The  diffraction  peaks  of  the  LNO  phase  can  be 
identified  as  tetragonal  I<2NiF4  structure  of  I4/mmm  space  group 
(JCPDS  card  No.  34-0314),  which  shows  excellent  agreement  with 
those  reported  in  related  literature  [23  .  The  typical  SEM  images  of 
bare  LSCF  and  LNO  infiltrated  LSCF  pellets  are  depicted  in  Fig.  2. 
Based  on  the  clean  surface  and  barren  pores  existing  in  the  bare  LSCF 
sample,  it  is  obviously  noted  that  the  infiltration  process  leads  to  the 
growth  of  LNO  materials  with  average  particle  size  of  about  50  nm. 
Of  importance  to  note  is  that  the  LNO  nanoparticles  are  distributed 
not  only  on  the  surface  but  also  in  the  pores  of  LSCF  backbone.  In 
particular,  the  uniform  distribution  of  LNO  into  LSCF  pore  walls 
would  promote  the  formation  of  more  3PB  active  sites  for  ORR 
enhancement. 

3.2.  Electrochemical  performance  of  cathodes 

Representative  EIS  data  for  symmetric  cells  using  bare  LSCF  or 
LNO-infiltrated  LSCF  cathodes  collected  at  OCV  in  air  at  tempera¬ 
ture  of  700  and  750  °C,  respectively,  are  shown  in  Fig.  3.  Typical 
equivalent  circuits  have  been  used  to  de-convolute  the  measured 
data  for  the  cathodes,  as  displayed  in  the  insets  of  Fig.  3  (a)  and  (b), 
where  R  is  the  ohmic  resistance  of  the  YSZ  electrolyte,  and  Rn  and 
Qn  indicate  resistance  and  constant  phase  element  of  different 
electrode  processes,  respectively.  In  the  case  of  LSCF  cathode,  two 
R—Q  elements  of  semi-circle  arcs  reflect  the  electrode  polarization. 
An  equivalent  capacitance  value  C\  (Q  =  (RjQi)1/ni/^i)  in  the  range 
of  10  3-10-2  F  cm-2  is  obtained  from  high  frequency  response, 
which  is  typically  attributed  to  charge  transfer  process  according  to 
literatures  [24,25].  Corresponding  to  C2  value  of  ~10-2  F  cm-2,  an 
intermediate  behavior  with  a  similar  surface  process  (e.g.  surface 
diffusion,  adsorption/desorption,  dissociation,  etc.)  between  gas 
diffusion  and  charge-transfer  is  observed.  For  LNO-infiltrated  LSCF 
cathode,  an  additional  contribution  at  low  frequency  with  C3  value 
of  lC^-lO1  F  cm-2  has  also  been  used  for  fitting,  which  may  be 
assigned  to  gas  diffusion  as  reported  elsewhere  [26  .  Such  an 
equivalent  circuit  model  can  well  resolve  the  impedance  plots  of 
the  symmetric  cells  using  different  cathodes.  The  actual  polariza¬ 
tion  resistance  of  SOFC  cathode  (Rp)  can  thereby  be  deduced  from 
electrode  area  and  half  sum  of  Rn  values  (symmetric  cell). 

The  Rp  values  for  bare  LSCF  cathode  are  1.34  Q  cm2  at  700  °C  and 
0.62  Q  cm2  at  750  °C,  respectively,  which  are  higher  than  those  in 
literatures  27,28]  reporting  Rp  ~  0.3-0.6  Q  cm2  at  700  °C  and 
0.1 -0.3  Q  cm2  at  750  °C.  This  could  be  explained  by  the  relatively 
higher  sintering  temperature  of  1150  °C  applied  here  for  the  LSCF 
cathode,  leading  to  decreased  surface  area  and  more  Sr  segregation. 
For  comparison,  LNO-infiltrated  LSCF  cathode  decreases  the  Rp 


Fig.  2.  SEM  images  of  (a)  bare  LSCF  cathode;  and  (b)  LNO-infiltrated-LSCF  materials. 
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Fig.  3.  Typical  electrochemical  impedance  spectra  of  symmetrical  cells  using  LSCF  cathodes  (a)  without  and  (b)  with  LNO  infiltration  under  OCV  at  700  and  750  °C. 


values  to  0.042  Q  cm2  at  700  °C  and  0.023  Q  cm2  at  750  °C.  The 
obvious  reduction  in  cathode  polarization  resistance  demonstrates 
that  LNO  infiltration  enhances  the  electrochemical  activity  and 
surface  exchange  kinetics  of  LSCF  electrodes.  Additionally, 
temperature-dependent  polarization  resistance  is  also  character¬ 
ized  in  Fig.  4,  and  activation  energy  (Ea)  for  the  electrode  polari¬ 
zation  contribution  can  be  calculated  from  the  linear  relationship  of 
lnRp_1/T  by  using  Arrhenius  law.  It  can  be  observed  that  the  acti¬ 
vation  energy  drops  from  1.38  eV  to  1.06  eV  after  the  infiltration  of 
LNO  into  LSCF.  Hence,  LNO  can  be  further  evaluated  as  an  effective 
catalyst  to  enhance  ORR  reaction  kinetics  and  electro-catalytic  ac¬ 
tivity  of  LSCF  cathode.  The  performance  improvement  could  be  the 
result  of  nano-scale  LNO  fine  particles  increasing  the  surface  active 
area,  heterostructured  LSCF/LNO  interface  architecture  offering 
more  active  reaction  regions  of  2PB  and  3PB,  and/or  favorable 
cation  diffusion  from  LSCF  to  LNO  facilitating  oxygen  exchange  and 
transport. 

3.3.  Long-term  stability  of  cathodes 

Fig.  5  presents  the  current-voltage  characteristics  and  the  cor¬ 
responding  power  density  for  anode-supported  fuel  cells  using 


bare  LSCF  or  LNO-infiltrated  LSCF  cathodes  during  long-term 
operation  of  about  500  h  at  750  °C.  The  open  circuit  voltages 
(OCVs)  for  both  on-cells  are  very  close  to  the  theoretical  value 
derived  from  the  Nernst  equation,  which  demonstrates  that  the 
cells  were  well  sealed  with  a  gas-tight  electrolyte.  The  power 
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Fig.  4.  Cathode  polarization  resistance  as  function  of  measuring  temperature  for  LSCF  Fig.  5.  Cell  voltage  and  power  density  as  function  of  current  density  for  (a)  pure  LSCF 

and  LNO-infiltrated  LSCF  cathodes,  showing  relative  activation  energies  in  the  inset.  and  (b)  LNO-infiltrated  LSCF  measured  at  750  °C  during  cell  operation  of  500  h. 
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densities  show  an  initial  increase  with  the  extension  of  time, 
indicating  the  activation  process  of  cathode  materials.  The 
maximum  power  densities  for  the  on  cells  with  the  cathodes  of 
LSCF  and  LNO-infiltrated  LSCF  reach  418  and  697  mW  cm-2  after  a 
period  of  around  100  h,  respectively.  Hence,  a  67%  increase  in  the 
power  density  has  been  achieved  through  infiltration  of  LNO  into 
LSCF  backbone.  Even  after  around  500  h,  LNO-infiltrated  LSCF  still 
can  deliver  a  power  density  of  637  mW  cm-2,  which  is  much  higher 
than  pure  LSCF  electrode  with  power  density  of  392  mW  cm”2 
Fig.  6  indicates  the  voltage  of  the  test  cells  as  a  function  of  time  at  a 
constant  current  density  of  250  mA  cm-2  at  750  °C.  The  obviously 
higher  voltage  achieved  by  using  LNO-infiltrated  LSCF,  as  compared 
to  bare  LSCF  cathode,  further  confirms  that  the  LNO  nanoparticles 
can  serve  as  a  high-performance  electrocatalyst.  Both  the  baseline 
cell  and  the  one  with  LNO  coated  LSCF  cathode  have  experienced  a 
degradation  of  voltage  with  the  extension  of  time.  In  the  case  of 
bare  LSCF  cathode,  the  voltage  drops  from  0.841-0.839  to 
0.839-0.836  V,  showing  a  degradation  rate  of  0.36%  over  500  h. 
This  is  lower  than  the  values  reported  in  the  literatures  (e.g. 
0.9-1.5%  per  1000  h)  [29,30]  for  LSCF  cathodes  operated  under 
similar  conditions.  The  relatively  high  stability  of  bare  LSCF  cathode 
provides  us  a  good  baseline  and  high  standard  for  the  study  of  LNO 
infiltration. 

In  contrast,  the  cell  using  LNO-infiltrated  LSCF  cathode  exhibits 
performance  degradation  of  about  0.39%  with  a  voltage  drop  from 
0.952-0.949  to  0.949-0.946  V  after  500  h.  Thus,  a  slightly  higher 
degradation  rate  is  obtained  for  LNO-infiltrated  LSCF  cathode  than 
LSCF  itself.  Compared  to  the  reports  of  LSCF  based  cathodes 
including  modified  LSCF  with  other  surface  catalysts  [6,31],  which 
showed  much  higher  degradation  rates  of  the  cathodes,  the  LNO- 
infiltrated  LSCF  cathodes  with  good  long-term  stability  over 
500  h  seems  to  be  a  promising  candidate  for  SOFC  application.  As 
far  as  the  similar  degradation  rate  for  both  LSCF  and  LNO-infiltrated 
LSCF  cathodes  is  concerned,  the  extended  durability  measurements 
will  be  carried  out  in  the  future. 

3.4.  Discussion  of  degradation  and  ORR  improvement 

It  has  to  be  emphasized  that  the  degradations  observed  for  bare 
LSCF  and  LNO-infiltrated  LSCF  cathodes  should  be  ascribed  to 
different  mechanisms.  The  performance  loss  with  time  for  the  bare 
LSCF  could  be  associated  with  cation  segregation,  like  the  diffusion 


of  Sr  and  La  into  cathode  surface,  as  widely  suggested  in  the  liter¬ 
atures  [32-34  .  While  nanoparticle  thermal  coarsening  or  low- 
performance  phase  formation  resulting  from  chemical  instability 
[35-38]  is  usually  responsible  for  long-term  operation  degradation 
of  a  cathode  containing  surface  catalysts.  In  order  to  explain  a 
relatively  higher  degradation  rate  of  LNO-infiltrated  LSCF  cathode, 
the  TEM  and  EDAX  characterization  analyses  after  the  on-cell 
testing  are  depicted  in  Fig.  7.  It  can  be  observed  that  the  growth 
of  LNO  nanoparticles  from  around  50  nm  to  100-150  nm  occurs 
after  on-cell  testing  of  500  h.  Correspondingly,  the  loss  of  surface 
area  and  2PB/3PB  active  regions  during  the  intermediate- 
temperature  measurements  could  be  responsible,  at  least  in  part, 
for  the  performance  degradation  the  LNO-infiltrated  LSCF  cathode. 

EDAX  results  of  LNO-infiltrated  LSCF  cathode  indicate  that  the 
diffusion  of  Sr,  Fe  and  Co  occurs  from  the  LSCF  to  the  LNO  phase. 
The  extraction  of  the  cations  from  the  LSCF  perovskite  lattice  re¬ 
veals  the  intrinsic  instability  of  the  LSCF  cathode.  As  an  acceptor, 
LNO  materials  could  positively  take  advantage  from  the  cation 
diffusion  to  enhance  surface  catalytic  properties  and  ORR  kinetics. 
The  cobaltic  electrode  usually  features  fast  oxygen  surface  ex¬ 
change  and  high  electrocatalytic  activity  for  oxygen  reduction.  It 
has  been  reported  that  doped-Fe  LNO,  at  least  for  small  amount  of 
Fe  loading,  have  no  influence  on  the  electrocatalytic  properties  of 
LNO  materials  [39].  As  to  Sr  doping  into  LNO,  a  possible  reaction 
according  to  charge  compensation  may  appear  to  increase  the 
concentration  of  electron  hole,  as  below, 

2SrO  +  Ni^j  <-►  2Sr'La  +  NiNi  +  Og 

More  importantly,  a  space  charge  layer  at  the  LNO/LSCF  heter- 
ostructured  interface  could  be  introduced  based  on  charged 
transport  and  defect  chemistry  from  the  cation  segregation.  These 
facts  might  lead  to  the  improved  electrochemical  performance  and 
fast  surface  exchange  of  the  LSCF  based  cathode.  Certainly,  evi¬ 
dence  to  support  these  hypotheses  should  be  provided  by  evalu¬ 
ating  the  valence  and  amount  of  the  Fe(IV)/Fe(lll)/Fe(ll),  Co(IV)/ 
Co(lll)/Co(ll),  Ni(lll)/Ni(ll)  and  Sr  (II)  in  the  LNO  infiltrant  in  the 
course  of  durability  evolution.  Further  work  on  detailed  charac¬ 
terizations  associated  with  ORR  process  and  kinetics  of  the  com¬ 
posite  cathodes  will  be  thereby  undertaken. 

4.  Concluding  remarks 
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LNO  nanoparticles  have  been  successfully  infiltrated  into  an 
LSCF  backbone  to  obtain  a  new  SOFC  cathode  for  ORR  kinetic 
consideration.  The  presented  comparative  study  of  LSCF  and  LNO- 
infiltrated  LSCF  shows  a  significant  reduction  in  polarization 
resistance  and  a  67%  increase  in  maximum  power  density  by  using 
LNO-infiltrated  LSCF  cathode.  A  power  density  of  637  mW  cm”2  for 
the  fuel  cell  using  LNO-infiltrated  LSCF  cathode  can  still  be  achieved 
after  long-term  durability  testing  of  about  500  h  at  750  °C.  The 
benefits  from  the  presence  of  the  LNO  nanoparticles  demonstrate 
that  LNO-infiltrated  LSCF  materials  can  act  as  a  highly  active  surface 
oxygen  exchange  cathode  with  promising  electrochemical  proper¬ 
ties  and  fast  ORR  behavior.  Although  particle  coarsening  of  LNO  and 
cation  diffusion  from  LSCF  are  observed,  the  preliminary  stability 
measurements  display  a  good  long-term  stability  of  the  LNO- 
infiltrated  LSCF  cathode  with  a  low  OCV  degradation  rate  of  0.39% 
over  -500  h  at  a  constant  current  density  of  250  mA  cm”2.  It  should 
be  noted  that  the  utilization  of  LNO  infiltrant  in  the  present  work  is 
different  from  that  of  being  widely  employed  as  surface  electro¬ 
catalysts  for  alleviating  Sr  segregation  issue  of  LSCF  cathode.  The 
cation  segregation  of  LSCF  could  facilitate  the  surface  catalytic 
properties  and  ORR  kinetics  of  the  LNO-infiltrated  LSCF  cathode 
with  respect  to  favorable  acceptance  by  LNO  of  Sr/Co  doping. 
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Fig.  7.  TEM  images  and  EDAXspectra  of  LNO-infiltrated  LSCF  cathode  (a)  before  on-cell  testing  and  (b)  after  long  term  testing. 


However,  in-depth  details  of  enhanced  surface  oxygen  exchange 
based  on  the  use  of  LNO  and  intrinsic  LNO/LSCF  interaction  should 
be  investigated  in  the  future. 
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